INTRODUCTION
In a previous paper (1) two distinct models for describing the linear viscoelasticity ofnondilute emulsions were presented. In these models the viscoelasticity is due to the deformation of droplets of a Newtonian fluid immersed in another Newtonian fluid.
The models predict two or more relaxation times. One of these, e.g., X r, may be related to the interfacial tension: X ~ = a~?/y.
The pertaining relaxation mechanism will affect ~1 and ~z at frequencies u around u = (27rX ~)-I. For microemulsions (y -~ 10 -~ mN m-~; a ---30 nm; "0 = 1 mPa sec) this frequency lies in the kilohertz range.
Recent progress in measuring techniques (2, 3) enables us to determine the dynamic viscosity of liquids relative to that of a calibration liquid between 4 and 200 kHz with an error of less than 0.02. The theory mentioned above predicts significant changes in the dynamic viscosity of emulsions if the frequency is varied around v ~. These changes 1Present address: Akzo Corporate Research, Arnhem, The Netherlands.
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Journal of Colloid and Interface Science, Vol. 84, No. 1, November 1981 will become detectable at particle concentrations above about 0.05 by volume. At these concentrations, however, particleparticle interactions can no longer be disregarded, and a theory that also covers the case of nondilute emulsions will be needed for interpretation of the measurement.
Another restrictive condition for-the measurements arises from inertia effects. We shall not go into detail here, as it is sufficient to say that the rather complicated effects may completely obscure the relation between droplet properties (interfacial tension and interfacial rheology) and the response of the system to a measuring probe. These effects remain unimportant (4) as long as the condition aZoJp/~)~ 1 is satisfied.
This condition no longer holds at frequencies above 10 kHz for droplet radii of about 1/xm.
The aim of our investigations is to demonstrate the linear viscoelasticity of emulsions. Because of the inertia effects just mentioned we will confine ourselves to emulsions with very small droplets. The preliminary results will be interpreted as effects due to droplet deformations. a Using c as weighed in.
MATERIALS AND METHODS
The surfactants used were commercial products. Tween 20 (polyoxyethylene (20) sorbitan monolaurate) was obtained from Atlas Chemie, Essen, Germany. NPE (polyoxyethylated nonyl phenolether) and DPE (polyoxyethylated dodecyl phenolether) with various polyoxyethylene chain lengths were obtained by courtesy of Servo Chemical Co., Delden, The Netherlands. Analytical grade benzene, hexane or cyclohexane was used for the oil phase. Water was treated in a Millipore filter, type "milli-Q2," resuiting in an electrical conductivity of 80 ~tO-' m -~ and an organic carbon content of about 2 ppm.
Steady-state viscosities were measured jn a Couette-viscosimeter, type LS 30, manufactured by Contraves, Ziirich. All systems that were investigated showed Newtonian behavior at rates of shear between 10 -2 and 102 sec -1.
The measurements of linear viscoelastic properties in the frequency range 4-200 kHz were performed using a torsional nickel tube apparatus (2, 3) . In this apparatus a premagnetized nickel tube is set into a torsional motion magnetostrictively. The effects of a liquid which surrounds the tube are a change in position and an increase of the band-width of the torsion-resonance peaks. The liquid's dynamic viscosity can be determined from these effects. The measuring procedure was changed so far as that the fundamental frequency (3.7 kHz) was also included in the measurements. The linearity of the viscoelastic properties was checked by performing measurements using different amplitudes of the torsion motion of the tube.
Two types of emulsions were studied. We shall call them mesoemulsions and microemulsions. The mesoemulsions had small droplets (a -50 nm), did not form spontaneously, and were stable over a limited period of time (months). The microemulsions also had small droplets, but they formed spontaneously if a sample having a suitable composition was stored at the right temperature. Microemulsions are thermodynamically stable, but it may take them some weeks to reach equilibrium. We shall now describe the preparation of two types of emulsions.
The mesoemulsions ms 1, ms 2A, and ms 3A were prepared from benzene and a solution of 6.00 g/dl Tween 20 in water. Ms 1 was prepared separately, but ms 2A and ms 3A were prepared in exactly the same manner, both mechanically and thermally, and at the same time. The components of each emulsion (see Table I ) were kept at 65°C in sealed bottles, and then vigorously shaken at that temperature. Next the emulsions obtained were quickly cooled down to 20°C. (6) . Since not all of the benzene was taken up in the emulsion, the volume fraction of benzene ~hB in the mesoemulsions was calculated from density measurements. In this calculation, changes of the partial specific volume of surfactant due to adsorption at the oil-water interface were neglected. The density measurements were performed using a DMA 40 digital densitometer, manufactured by Anton Paar K.G., Graz,Austria.
A part of the continuous phase was separated from the mesoemulsions by the use of a Labofuge 1 centrifuge, manufactured by Heraeus, Osterode am Harz, Germany.
The effective centripetal acceleration was 21 x 10~msec -z ata speed of 4000 rpm. The benzene concentration in the continuous phase was determined by using a Varian gas chromatograph, type 2860, with a flame ionization detector. The amount of benzene in the continuous phase turned out to be negligible (less than 5 ppm by weight).
Surfactant concentrations were determined from dry-weight analyses. The concentrations in the continuous phases of ms 1, ms 2A, and ms 3A appeared to be the same, c = 2.8 _+ 0.2 g/dl. The density and the steady-state viscosity of the continuous phases were equal to those of a 2.8 g/dl Tween 20 in water solution.
The average droplet radius was estimated by using the sedimentation coefficient that was found in the centrifuge runs. The equation used has been derived by Burgers (7):
In Table I some of the properties of the emulsions are summarized. The total particle volume fraction ~b is the sum of the volume fraction of the dispersed benzene and that of the surfactant adsorbed at the droplet surfaces. In the calculation the specific volume of the adsorbed surfactant is assumed to be the same as that of the surfactant in the continuous phase. Furthermore, it is assumed that the droplets contain no water. If the latter assumption is justified the uncertainty in 4' is about 0.005.
The microemulsions were prepared from hexane or cyclohexane, water, and NPE or DPE surfactants. The phase behavior of similar systems was studied by Shinoda and Kunieda (8) .
Series of samples were made containing fixed amounts of oil, water, and surfactant, while the average length of the surfactant' s polyoxyethylene chain was varied. The components of each sample were mixed by being shaken together in a sealed bottle. The samples were then left undisturbed at a constant temperature for 2 weeks. The formation of microemulsions was recognized from the translucency of the one-phase systems obtained. The composition of three typical microemulsions is given in Table II . Microemulsions containing only nonionic surfactants are very sensitive to changes in temperature. Droplet sizes, compositions of the continuous phase, and steady-state viscosities at various rates of shear were therefore hard to determine for these systems, and are not included in this preliminary investigation.
RESULTS
In Fig. 1 the relative steady-state viscosity of the mesoemulsions as a function of the particle concentration is compared with Simha's (9) theoretical expression for the viscosity of a suspension of rigid spheres: [2] where R = feb -1/3. For the correction fac- tor we have taken the valuef = 1.111, this being the value Thomas (I0) found on analyzing data for suspensions of rigid spheres at high shear rates and at low concentrations (6 < 0.1). The agreement of this analysis with our data on mesoemulsions is good even at higher concentrations.
This agreement need not surprise us, although emulsion droplets are in principle deformable and our measurements were performed at relatively low rates of shear. In Ref.
(I) we demonstrated that droplets which possess a surface elasticity behave like rigid spheres at low frequency. The influence of the shear rate on the viscosity of a suspension was investigated by Krieger (11) . He established a rheological equation of state for suspensions of rigid spheres. This equation describes the transition from a low-shear viscosity to a high-shear viscosity. The transition is caused by the interplay between the Brownian forces and the shear forces on the particles. The magnitude of the transition in the relative viscosity increases with the particle concentration. For 6 < 0.20 the difference between the relative viscosities in the high and low shear rate limit, as interpolated from Krieger's results, is comparable with the experimental errors in our steady-state viscosity measurements.
In Fig. 2 the dynamic viscosity of ms 1 relative to that of the 2. The comparison of the predictions of these models with the experimental results implies that it is assumed that the observed viscoelasticity is caused by droplet deformation. This assumption is not self-evident and is criticized in the Discussion. It is assumed that the interracial rheology of model A may be described by a Voigt-Kelvin model. In this case both model A and B contain two relaxation mechanisms. The predicted linear viscoelastic behavior is determined by five constants: two relaxation times, two relaxation strengths, and a steady-state viscosity. The steady-state viscosity of both models is already in agreement with the experimental data as a result of choosingf = 1.111. An unambiguous fit of the experimental data in terms of the remaining four constants is not feasible, as the frequency range covered by our instrument is not large enough. Consequently further assumptions about the microscopic parameters are needed in other to reduce the problem to that of a three-parameter curve fitting. Two classes of fits are possible using model A: one with y >>/z, K, and the other one with/z >> 7, ~c. (A fit where K >>/z, y appeared to be incompatible with our experiments.) The fit with/x >> 7, K required 7 < 1/zN m -1. As this value is probably too small for the mesoemulsion systems, this class of fits was rejected, and only the fits with 7 >> ~, K remained. From Eq.
[33] of Ref. (1) it is clear that the larger relaxation time is then a function of 3K + 2/x. In the fits we took ~ = 0, but any linear combination of/z and K can be used. Furthermore, the area viscosity cr was taken to be zero (see Discussion). The interfacial shear viscosity g was taken as nonzero in order to account for the friction between the surfactant molecules in the interfacial film. If there is no surfactant inside the droplets (e.g., solubilized in benzene) and the droplets are monodisperse, an average area per molecule Tween 20 adsorbed at the droplet surfaces can be estimated from the data of Table I , using the formula
It follows that A has a minimum value of about 1.5 nm z. A is even larger when some surfactant is present inside the droplets, which is not unlikely since Tween 20 consists of a blend of surfactants with various polyoxyethylene chain lengths. Since the estimated molecular area is quite large compared to that found for a monomolecular film at an air-water interface (A ~-0.5 nm 2 (12)), we will further consider the interfacial film of our mesoemulsion to be monomolecular. Consequently the value of the film thickness in model B (d = 3 nm) was chosen in agreement with estimations of the average chain length of nonionic surfactants (13) .
In the curve fits the measured values of both */1 and */2 were used. All points were given the same weight. For both fits the sum of the squares of the deviations between the best fit and the 16 points was 0.4 × 10 -2. A survey of the experimental, the assumed, and the obtained values of the parameters of the two models is given in Table III. No deviations beyond the experimental errors were observed between the dynamic viscosities of the emulsions ms 2 and ms 3. Fig. 3 .
The difference between the steady-state viscosities of ms 2 and ms 3 is somewhat larger; the values for both emulsions are indicated in Fig. 3 . No significance can be attached to the difference observed. It is still not beyond the experimental error, which is larger for the steady-state (a few percent) than it is for the dynamic viscosities (less than 2%). Also for ms 2 and ms 3 we conclude that two or more relaxation mechanisms operate. The arguments used are the same as in the case of ms 1. The computer fits were made on the basis of the same assumptions as those used for ms 1. For both fits the sum of the squares of the deviations between the best fit and the 64 experimental points was 1.6 × 10 -2 . A survey of the model parameters is again given in Table III. In Fig. 4 the dynamic viscosities of the microemulsions mc 1 and mc 2 relative to that of water are shown for T --20.0°C and T = 24.0°C, respectively. These measurements show a maximum in */2, and in */1 a transition between two plateau values. This can be concluded on the basis of behavior of*/1 and */2 as a function of frequency, given by general linear viscoelasticity. The char- acteristic times pertinent to the maxima l o ~2#w are: t = 5 /zsec for mc l and t -7 ~sec ~ a5 for mc 2. ] In Fig. 5 the dynamic viscosity of mc 3 o relative to that of water is shown for T = 15.0°C and T = 16.0°C. It appears that 2.5 the characteristic time t pertinent to the 2.0 position of the maximum in ~92 increases ~,l~w with temperature. The maximum itself, ~ ~5 however, is too broad to be caused by one relaxation mechanism only. Conclusions ~° from Fig. 5 will be drawn in the Discussion.
DISCUSSION
For the interpretation of the measurements we will consider three possible causes of the elasticity displayed by the systems we investigated. These causes are:
(a) arrangements of surfactant molecules, such as assemblies of rods, lamellae, and spheres;
(b) electrical charges on the emulsion droplets;
(c) the response to deformation of the individual droplets together with their surfactant shell.
The mesoemulsions were somewhat turbid, which might be due to structures meant sub a. Their steady-state viscosities, however, were independent of the shear rate between 10 -2 and 10 +2 sec -1 and they were relatively small. We therefore concluded that in these systems macroscopic arrangements were absent, which is in agreement with the investigations (5, 6) of dielectrical properties, viscosity, and turbidity of similar emulsions.
The microemulsion systems were more translucent, had a uniform bluish-white appearance if observed perpendicular to incident light and a yellowish appearance if observed in transmitted light. In agreement with Shinoda and Kunieda (8) these systems will be considered to be oil-swollen micellar solutions.
Since only nonionic surfactants were used for both the ms and the mc systems, it may be assumed that the surface potential of the droplets was small. Nevertheless, the electrical interactions between emulsion droplets may not be negligible, because the ionic strength in the systems investigated was low. Hence, we cannot exclude the formation of a crystal-like lattice of droplets due to repulsive forces, which may provide an emulsion with elasticity. Such lattices can be recognized from their iridescence, as was demonstrated for lattices in aqueous suspensions of charged spherical polymer particles (14) formed when the ionic strength was extremely low. However, no such phenomenon was observed in our systems. Less pronounced effects of droplet charges screened by a diffuse double layer are viscoelasticity due to the deformation of the double layer, the "primary effect" (15) , and viscoelasticity due to binary particle interactions, being the "secondary effect" (16) . From the absence of dielectrical dispersion in the measurements of Clause et al. (6) it may be concluded that the mesoemulsions studied do not show a primary electroviscoelastic effect for frequencies up to 5 MHz. Theory on the secondary electroviscoelastic effect for systems with a low ionic strength is not yet available.
So there is no evidence for structures (cause a) or electrical charges (cause b) to provide the mechanisms responsible for the observed viscoelasticity, although we cannot exclude them. However,_ there might be an indication that droplet deformation does. From an estimation of model parameters this mechanism can indeed be expected--in the system studied--to make itself apparent in the frequency range investigated.
Considering therefore for the time being droplet deformation as the active mechanism, we note that the interpretation of the measurements using models A and B of (1) leads to consistent sets of parameter values. The values obtained for K are very small compared with those for the surface elasticities found near the CMC (17, 18) for nonionic surfactants at air-water interfaces (E0 = 60 mN m-r). Exchange of surfactant between droplet interfaces and bulk phases containing monomers may, however, reduce the dynamic area elasticity. An even more drastic reduction is to be expected (18) if micelles with a very fast micellization rate are present in the bulk phases. Both K and cr are then functions of frequency. This results in a flattening of the relaxation peak that corresponds to K. If the peaks that correspond to K and 3,, respectively, are sufficiently apart in frequency, the 3,-peak may not be affected at all and the analysis of the previous section will still give correct values for 3, and ~.
In the fit with model B we used one fixed parameter for which a good estimation is possible, viz. the film thickness d. The values found for 3' + 3`' and ~" make sense and are in agreement with those found for 3/and ~/a using model A, but the physical basis of applying model B in this case is weak. In particular, it was made plausible in the previous section that the interfacial film might be monomolecular. In that case the use of independent interracial tensions on the two sides of the film in model B is questionable.
If the characteristic times found for the microemulsions mc I and mc 2 are linked with the interfacial tension of sperical droplets, their order of magnitude is h ~-a~/3,. A value for the droplet radius can be esti- mated by assuming a monomolecular coverage of the interfaces. If the area per adsorbed molecule is 0.5 nm 2 for mc 1 (and 0.7 nm ~ for mc 2)msee (19)--the amount of adsorbed surfactant is 4 g/dl (and 2 g/dl), and the molecular weight of the surfactant is 600 (and 640), we arrive at a = 30 nm for mc 1 (and a = 60 nm for mc 2). In both bases 3, ---10/xN m -1. These values for 3' and a are in agreement with theories (20, 21) about microemulsions prepared with nonionic surfactants.
If the maximum of~2 in Fig. 5 corresponds to the interfacial-tension relaxation mechanism, its shift with temperature indicates that the value of a~3` increases with temperature. Such a tendency is in agreement with observations of Shinoda et al. (8) and with the theoretical considerations of Robbins (20) and Reiss (21) for microemulsions with nonionic surfactants. The observations of Shinoda et al. suggest an increase of the droplet radii when temperature is raised. It is generally accepted that this effect is caused by the dehydration of surfactant molecules (20) , resulting in shrinkage of the polar region of the interfacial film, which leads to an increase in the radius of curvature of the film. According to theory larger droplets have smaller interfacial tensions (20, 21) .
As mentioned in the previous section, the flattened maxima in Fig. 5 indicate that there is a distribution of relaxation times; an obvious explanation is that the distribution of a/3, values is not extremely sharp.
The presented experimental results and their analyses, in particular those concerning the microemulsions, have a preliminary character. Further research will particularly be aimed at the distinction between electroviscoelastic effects and droplet-deformation effects. In the future an improved model will be needed which will integrate the essentials of our models A and B. 
